Problem: Heightened maternal stress affects trophoblast function and increases risk for adverse pregnancy outcomes. 
| INTRODUCTION
Women suffering with chronic stressors during pregnancy have increased risk for adverse pregnancy outcomes such as spontaneous abortion (SA), [1] [2] [3] intrauterine growth restriction (IUGR), 4, 5 and preeclampsia (PE). 4, 6 Glucocorticoids regulate gene expression by binding the glucocorticoid receptor (GR) and affecting gene transcription.
7
Placental trophoblast cells express high levels of the GR 8, 9 and are responsive to the stress hormone, cortisol. Therefore, stress-associated pregnancy failure could be due to changes in trophoblast signaling and/or function.
In healthy pregnancies, extravillous trophoblast cells invade the decidua and remodel uterine spiral arteries to increase maternal blood flow to the placenta. This invasion relies on expression of inflammatory cytokines and collagenases, such as matrix metalloproteinases (MMPs), 10 but glucocorticoids can negatively affect these processes.
For example, human first-trimester trophoblast cells exposed to the synthetic glucocorticoid, dexamethasone (DEX), exhibit reduced invasive capacity. 10 In mice, DEX treatment affects the expression of genes associated with trophoblast growth and proliferation. 11 Rats exposed to DEX during early pregnancy have altered placental blood vessel morphology and develop symptoms of PE. 6 Furthermore, the physiological glucocorticoid in rodents, corticosterone, affects glucose transport mechanisms and amino acid synthesis in the placenta, resulting in IUGR. 12 The trophoblast also regulates the maternal immune system to promote tolerance of the fetus and placenta. Early in pregnancy, invasive trophoblasts provide signals to ensure maternal immune cells remain tolerant of fetal cells. [13] [14] [15] [16] Maternal stress can affect the maternal-fetal immune cross talk and increase risk for SA. 2 The role of stress in SA has also been studied in mice using the DBA/2-mated CBA/J mouse, a model for the study of immune-mediated abortions. 17 Specifically in this model, maternal stress increased the number of abortions, which was associated with increased TNF-α, decreased TGF-β, and activation of cytotoxic NK cells. 17, 18 Interestingly, administration of the cytokine, granulocyte-macrophage colony-stimulating factor (GM-CSF), prevents immune-mediated abortions in mice and improves pregnancy rates in women with a history of recurrent abortions.
17,19
The family of cytokines called colony-stimulating factors (CSFs)
are best known as hematopoietic growth factors, but they are also expressed by endometrial and trophoblast cells. [20] [21] [22] These include granulocyte-macrophage colony-stimulating factor (CSF2), granulocyte colony-stimulating factor (G-CSF; CSF3), and macrophage colonystimulating factor (M-CSF; CSF1). In reproduction, the CSFs have roles in embryo development, placental development, and maternal immune tolerance. [20] [21] [22] Granulocyte CSF induces expression of genes associated with implantation in the endometrium 23 and invasion in first-trimester trophoblast cells. 24 Furthermore, administration of G-CSF to women undergoing in vitro fertilization due to a thin endometrium resulted in higher pregnancy rates. 19, 20 Granulocyte-macrophage colony-stimulating factor (CSF2) also has important roles in embryo development. 17, 25 Human embryos, cultured in the presence of GM-CSF prior to implantation, had improved survival and pregnancy rates were increased, especially in women previously suffering recurrent miscarriages. 19, 20 The increased pregnancy rates following GM-CSF treatment is conserved in other species, as GM-CSF improves bovine embryo survival. 26 Granulocyte-macrophage CSF also has roles in immune tolerance. Circulating GM-CSF is reportedly lower in the circulation of women suffering SA compared to those who maintained pregnancy. 27 Furthermore, treatment with immunoglobulin as a means of preventing SA increased GM-CSF in women who delivered at term, but did not increase GM-CSF in those who suffered first-trimester abortions. 27 In mice, administration of GM-CSF to DBA/2 × CBA/J resulted in CD8+ cell-mediated suppression of NK cell cytotoxicity that prevented abortions. 17 In an endotoxin-induced abortion model, GM-CSF administration also decreased embryo resorptions and was associated with reduced (inflammatory) TNF-α and increased (protective) TNF-β.
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Previous studies demonstrate the important role of CSFs in pregnancy, and the potential for stress to increase risk for adverse pregnancy outcomes. Therefore, we hypothesize that cortisol, at physiological concentrations mimicking heightened stress in women, inhibits CSF expression in first-trimester trophoblasts. Furthermore, we propose these changes will be associated with changes in tropho- we examined the epigenetic mechanism by which CSF2 and CSF3 are regulated by cortisol and we sought to determine how these changes related to trophoblast invasion.
| MATERIALS AND METHODS

| Cell culture and treatments
The first-trimester extravillous trophoblast cell line, Sw.71, 31 was cul- To inhibit DNA methylation, cells were treated with 5-azacytidine, which was prepared immediately before each use (5-Aza-C; Sigma-Aldrich).
Cells were cotreated with 20 ng/mL CORT and 5 μmol/L 5-Aza-C for 72 hours. Culture media was changed daily due to the short half-life of 5-Aza-C. Cells were collected and stored at −80°C until further use.
| Quantitative PCR
Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Germantown, MD, USA) according to the manufacturer's protocol, including an on-column DNAse treatment. Complimentary DNA (cDNA) was synthesized using the iScript cDNA synthesis Kit (BioRad, Hercules, CA, USA), diluted 1:20 in nuclease-free water, and quantitative real-time PCR was carried out using the Sso Advanced SYBR Supermix (Bio-Rad) and gene-specific primers (Table 1) on the Applied Biosystems ViiA7 PCR machine. Cycling conditions were 95°C for 10 minutes, followed by 40 cycles of 95°C for 30 seconds, 60°C for 1 minute. Values were normalized to GAPDH and calculated using delta delta Ct method: delta delta Ct = delta ct treated − delta Ct control; results are expressed as fold differences from controls.
| Enzyme-linked immunosorbent assay (ELISA)
Cell-conditioned supernatants were collected, centrifuged for 5 minutes at 17 000 g to remove debris, and analyzed for GM-CSF and G-CSF concentrations using ELISA according to the manufacturer's protocol (DGM00/DCS50; R&D Systems, Minneapolis, MN, USA). Total protein was quantified using BCA (Pierce, Waltham, MA, USA) to determine whether total cellular protein was affected by CORT treatment.
| Chromatin immunoprecipitation-qPCR
Sw.71 cells were plated at a density of 3 × 10 5 cells per 10-cm dish and treated with CORT as described above. At collection, cells were washed once with 1× PBS and fixed with 1% formaldehyde (Thermo Scientific) at room temperature. Cells were scraped from plates and stored at −80°C until use. One million cells were sonicated using BioRuptor (Diagenode, Denville, NJ, USA), and chromatin was isolated and immunoprecipitated using the Chromatin immunoprecipitation (ChIP) Kit (EMD Millipore, Billerica, MA, USA) and a mouse anti-rabbit pan-acetyl histone-3 antibody (EMD Millipore).
Immunoprecipitated chromatin was reverse cross-linked and purified. Quantitative PCR was carried out as described above with primers spanning regulatory regions of CSF2 (Table 1) .
| Trophoblast invasion
Trophoblast invasion was assessed using 8- 
| Statistics
Results of ELISA, qPCR, and ChIP were analyzed by independent t test (comparing two means) or one-way ANOVA (comparing more than two means) followed by Tukey's test. Data are represented as means ± standard error of the mean. P-values equaling, or less than .05 were considered significantly different.
| RESULTS
| Cortisol inhibits CSF2 (GM-CSF) and CSF3 (G-CSF) in first-trimester trophoblast cells
We first determined how CSF2 (GM-CSF) and CSF3 (G- Expression of CSF2 (A) and CSF3 (B) was quantified using qPCR (ANOVA, P < .05).
(C, D) Cell-conditioned media was collected from Sw.71 cultured in the presence of 20 ng/mL CORT for 48 h. GM-CSF (C) and G-CSF (D) were quantified using ELISA (t test; GM-CSF, P < .01; G-CSF, *P < .05). qPCR data represent three to six independent replicates per treatment per time point. ELISA data represent four and five independent replicates for G-CSF and GM-CSF, respectively following cortisol treatment by 48 hours ( Figure 1C , t test, P < .05; Figure 1D , t test, P < .05). Total cellular protein did not differ between controls and CORT-treated cells; therefore, changes in secreted protein
were not a result of a decline in total cellular protein (data not shown).
| Cortisol inhibition of CSF2 and CSF3 in trophoblast cells is independent of histone deacetylation
To characterize cortisol-associated inhibition of CSF2/3, we next determined whether cortisol inhibited CSF2 and CSF3 via histone deacetylation. First, we performed CHIP with an antibody directed against pan-acetylated histone-3, to quantify its occupancy at the CSF2 promotor and gene body. Interestingly, acetylated histone-3 did not change its occupancy at the CSF2 gene when trophoblast cells
were treated with cortisol ( Figure 2A Figure 3C ; ANOVA, n.s.).
| Cortisol regulates trophoblast invasion
Dexamethasone treatment can reduce first-trimester trophoblast cell
invasion; therefore, we tested trophoblast invasion using the physiological glucocorticoid, cortisol. Physiological concentrations of cortisol did cause inhibition of trophoblast invasion in a Matrigel invasion assay ( Figure 4A , t test, P < .02), although much more modest than reported with DEX-treated cells. 10 This was associated with a significant decrease in MMP-3 ( Figure 4B , t test, P < .01), but not MMP-9
as previously reported. 10 To determine whether downregulation of GM-CSF was responsible for reduced trophoblast invasion, we tried to rescue the trophoblast invasion phenotype with exogenous GM-CSF, but trophoblast invasion was not affected by supplementation of GM-CSF (data not shown), suggesting a separate mechanism.
| DISCUSSION AND CONCLUSIONS
In this study, we determined that CORT inhibited CSF1 and CSF2 in first-trimester extravillous trophoblast. Cells were treated with CORT at a concentration that would be detected in pregnant women with elevated stress. CSF1 and CSF2 inhibition was independent of histone deacetylation and dependent on DNA methylation. We also determined that physiological concentrations of CORT inhibited trophoblast invasion, and this was not dependent on the inhibition of CSFs.
Women with heightened stress are at higher risk for early pregnancy complications, but little is known about how the physiological stress hormone, CORT, affects early pregnancy. Previous studies have shown the synthetic glucocorticoid, DEX, can significantly affect trophoblast and SAHA (1 μmol/L) for 72 h. CSF2 (C) and CSF3 (D) expression was quantified using qPCR (ANOVA, *P < .05, **P < .01). ChIPqPCR data represent three independent experiments. qPCR data represent four and six independent replicates for CSF3 and CSF2, respectively gene expression, growth, and proliferation. 10, 11, 30, 32 Importantly, DEX has singular affinity for GR and affects gene expression differently than physiological glucocorticoids such as cortisol. 30 Glucocorticoids such as cortisol also bind mineralocorticoid receptors, while DEX is specific for GR. Finally, CORT, but not DEX, is converted to its inactive form via 11β-HSD2, and can therefore be much less potent in trophoblast cells. 30 Therefore, in vitro and in vivo DEX treatments are only reasonable models for the effects of synthetic glucocorticoid use during pregnancy. Multiple studies have also tested the role of DEX and other glucocorticoids on term placental cells. 30 While many of these studies are strengthened by the use of primary trophoblast cells, this is only an appropriate model system for studying late pregnancy because term trophoblast cells are non-dividing and functionally unique from early trophoblasts. Therefore, to understand how elevated maternal stress hormone affects early pregnancy, in the present study we used the physiological glucocorticoid, CORT, with human first-trimester trophoblast cells. We determined that CORT did cause a modest decrease in trophoblast invasion, although the effect was more modest than previous reports using DEX.
Glucocorticoids can regulate CSF gene expression via several different epigenetic mechanisms. 29 For example, DEX treatment of lung epithelial cells, following stimulation with IL-1β, results in recruitment of HDAC2 and loss of histone-4 acetylation at the CSF2 promoter. 33 Interestingly, in human first-trimester trophoblast cells, histone acetylation/deacetylation was not involved in CORT inhibition of CSFs.
Blocking histone deacetylation did not affect CSF2/3 expression, and pan-acetylated histone-3, a signature of transcriptionally active genes,
was not decreased at the CSF2 locus in response to CORT.
Gene expression can also be affected by DNA methylation of CpG within regulatory elements of genes. Although there are no CpG islands within the CSF2 promoter, it still has several CpG sites that are differentially methylated in response to stimuli in other cell types. with CXXC zinc finger domains, which can recruit histone methyltransferases that can maintain DNA in an unmethylated state.
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In conclusion, we studied the effect of the physiological glucocorticoid, cortisol, on the function of actively dividing, firsttrimester human trophoblast cells. We determined that cortisol, at 
